At least a dozen species of aphids (Insecta, Hemiptera) of non-native origin have expanded their range in europe, however the importance of botanic gardens in this phenomenon has not been studied previously in detail. As a case study, investigations on the species composition and host range of Aphidomorpha in the Royal Botanic Gardens, Kew, London, United Kingdom, were conducted over a period of twelve days, in June 2017. The inventory study was carried out in the collection of living plants, both in the gardens and the glasshouses and nurseries. In total, 94 taxa of Aphidomorpha are identified (one phylloxerid, one adelgid and 92 species of aphids). 20 species are regarded as alien to the European aphid fauna and among them nine are believed to be the first published records for Kew. 20 species are regarded as serious pests, capable of virus transmission. The list of host plants includes 155 taxa from 89 genera and 49 families. Ericolophium holsti (takahashi), species of Asiatic origin associated with Rhododendron spp., was found for the first time in the field in the UK. Changes in the species composition of the aphid fauna in reference to the Eastop's studies in 1960s were discussed.
extensive collections of trees, herbaceous, alpine and economic plants from most parts of the world, located in distinctive areas and glasshouses, and as such is an excellent target for collecting Aphidomorpha. The first list of aphids, collected by Laing in Kew, was published in 1920 27 . Later, in 1962 and 1965, further contributions to the aphid fauna of Kew were published by Eastop 28, 29 . The first list brings the total number of aphids known from Kew to 91 taxa, the second one comprised 77 taxa. In total, over four years of collecting (1958, 1960, 1961 and 1962) , 142 taxa of aphids were listed. Some of them were marked as introduced or even as a first record for Europe. With a few minor exceptions [30] [31] [32] , further intensive studies on the aphid fauna of Kew have not been carried out.
The aim of the paper is to ascertain the number of Aphidomorpha species infesting plants in Kew and see how the aphid fauna has changed since Eastop's research 60 years ago. Moreover, it will allow identification of non-native species and whether the number of introductions of aliens has changed. It will also determine the number of economically important species of aphids.
Results
the composition of the Aphidomorpha fauna of the Royal Botanic Gardens, Kew. A total of 221 aphid samples were collected during the twelve days in Kew. In total, 94 taxa of Aphidomorpha were identified. Adelgidae and Phylloxeridae were represented by a single species each, whereas there were 92 taxa from Aphididae (species and subspecies) belonging to nine subfamilies: Eriosomatinae, Anoeciinae, Mindarinae, Drepanosiphinae, Phyllaphidinae, Calaphidinae, Chaitophorinae, Aphidinae and Lachninae. Aphidinae, the most numerous subfamily, was represented by 20 genera and 44 species. The richest genus represented in the collection was Aphis Linnaeus (11 species). The subfamily Calaphidinae (21 species) was most frequently represented by species belonging to the tribe Panaphidini (14 species) . The fewest species in Aphididae were from the subfamilies Anoeciinae, Mindarinae, Drepanosiphinae and Phyllaphidinae.
In only seven locations surveyed (Aquatic Garden, Duke's Garden, Lake, Mediterranean Garden, Pond, Rhododendron Dell, Redwood Grove) the number of species was the same as the number of samples collected. In other locations, the number of samples was slightly higher than the number of species, the highest in the Populus collection (5 species and 14 samples). The two richest locations for aphid species and samples were the Arboretum Nursery (15 species and 17 samples) and the Plant Family Beds (12 species and 16 samples). In other locations, from 1 to 10 species (Fig. 1 ) and 1 to 14 samples were found. In these locations, all samples Alien aphid species. 20 ) euphorbiae was only associated with ten hosts. The remaining species were associated with one to four host plants ( Table 1) .
The list of all collected species is presented in Table 2 and the Supplementary Material. In the Supplementary Material Aphidomorpha species were listed in systematic category alphabetically and sampling data for each aphid species include: locality, host plant, date and the unique sample number.
Discussion
According to Botanic Gardens Conservation International (BGCI), the Royal Botanic Gardens, Kew includes globally significant ex situ plant collections, covering approximately a third of known plant diversity, world-class seed banks, glasshouses and tissue culture infrastructures. It remains an open question, whether the Aphidomorpha present in Kew should be treated as an element of its biodiversity or an element threatening this diversity.
Aphids are strictly associated with their host plants. The presence of the host plant determines the presence of aphids, so it can be expected that with the constant species composition of plants in Kew, species composition of aphids will also be constant over time.
Comparing both Eastops aphid lists 28, 29 , it can be seen that in the following years the species composition of the aphids varied significantly, in terms of quantity. In 1962, 91 species were found, while in 1965 77 taxa. In both lists we find only 25 common species. In 1962, greater variation was also demonstrated in the level of subfamilies and genera and the number of alien and pest species. Macrosiphini was dominant in both lists ( Table 3 ). Comparing the whole aphid fauna collected by Eastop 28, 29 , and during the present study, it is worth underlining, that in four years of collection, Eastop identified 142 taxa. In comparison, collecting aphids within twelve days allowed for identification of 95 species. The first conclusion is that the Kew aphid fauna is still rich and in a relatively short time a large number of aphid samples can be collected. However, comparing Eastop's lists of species and results of the current study only 50 taxa are found in common (28 species in 1962 and 27 species in 1965). In the 1960's Eastop collected 90 taxa that were not recorded during the present study. At the same time, current research has provided information on 45 species not listed by Eastop (Tables 2 and 3 ). Most of these species are in general widespread and common, some of them were collected by Eastop in Kew district but outside the Garden 28, 29 and are not included in the Table 2 . The differences in the number of collected taxa results rather from the time spent collecting aphids (four years versus twelve days), than other conditions. The research was conducted in June, convenient due to the biology of aphids (both monoecious or heteroecious species) for collecting these insects. An exception may be species that in the early summer do not appear, like Tuberolachnus salignus (Gmelin, 1790), or which finish their life cycle earlier, such as aphids of the genus Glyphina 33 , both of them listed by Eastop 28, 29 . The exception may also apply to species for various reasons considered rare in the Britain 36 . Our research proves, that far away from their natural range, in favourable conditions, they can be also colonized by aphids. In the case of endemic or native plant species, in their natural range, this threat can be important 37 . In addition to sampling aphids from threatened species of host plants, they were also collected from one of Kew Gardens' Heritage trees, Quercus × hispanica 'Lucombeana' , which is believed to have been planted at Kew in 1773.
In total, 191 species of aphids have been listed from Kew [28] [29] [30] [31] [32] 38 , including the present study, which is almost 1/3 of species presented in the check-list of aphids in Britain 39 . Kew includes globally significant ex situ collections, covering approximately a third of known plant diversity. Therefore, it is not surprising, that due to the diversity of host plants from different parts of the world, the variety of aphids associated with them is so large and it will probably grow. www.nature.com/scientificreports www.nature.com/scientificreports/ Aphid species are not evenly distributed within Europe. The number of alien species present in a country is significantly and positively correlated with the number of native species recorded in that country, and, to a lesser extent, with the number of local taxonomists. Great Britain, with 65 alien aphid species, is on the top of European countries with identified numbers of those species. Among them, 36 were a first European record and at least five of them were first detected in Kew. Most of those species (18) came from North America, ten from Temperate Asia, two from Africa or tropical/subtropical areas of the world, respectively, two from Asia (generally) and two are cryptogenic 12 . The first record of alien species in the British aphidofauna (and Europe as a whole) concerned Eriosoma lanigerum (Hausmann, 1802) recorded in 1787 40 . The newest record is the presence of Ericolophium holsti, trapped in 2011 13 . The detection of species over the years has also been interesting. In 18 th and 19 th centuries there were three species, in 20 th century 30 species (with the greatest number between 1950-1980 when 14 alien species were recorded, ten from North America) and in 21 st century three species have been found 12, 13 .
The aphid fauna of Kew includes a significant number of non-native aphid species. In 1962 and 1965 Eastop listed 18 alien species (on subsequent lists twelve and ten species, respectively). Among them Illinoia (I.) andromedae (MacGillivray, 1953) and Illinoia (I.) goldamaryae (Knowlton, 1938) (both from North America), were known as a first record for Europe. Unfortunately, during our study, the presence of those species in Kew was not confirmed. The third known species, recorded by Eastop 28 as new for Europe -Illinoia (I.) morrisoni (Swain, 1918), associated with Sequoia sempervirens, was collected during the present study from the young shoots of its Our inventory study brings data on ten additional non-native species of aphids detected in Kew (Table 2) , at least half of these are known to be expanding their range. The clear movement of the alien aphid species is visible in the example of Neotoxoptera formosana (the onion aphid). The onion aphid, a pest of wild and cultivated (especially commercial) Allium has been recorded on the following hosts: Allium ascalonicum, A. cepa, A. chinense, A. fistulosum, A. porrum, A. sativum, A. schoenoprasum, A. tuberosum, and others 44 . In Europe this Asian species, is known from France (first record in 1984 45 ), Finland (first record in 1994 on onions imported from the Netherlands), Italy (first record in 2000 on chives, A. schoenoprasum grown under glasshouse conditions 46 It has a narrow host range. However, now is widespread and well established in Britain 49 and it represents a potential risk to the UK Allium industry, which since 1995/96 has averaged approximately 13,000 ha with a value of just under £100 million. It can transmit viruses that cause plant damage and stunting although it is not a very efficient vector 44, 47 . During the present study, the species was collected from the shoot of Allium nutans in the Rock Gardens of Kew. It proved that N. formosana can establish in Britain not only on Allium crops but also on common, wild Allium spp. and could survive in a cool maritime climate such as the UK.
To a lesser extent, we can now witness the expanding range of another non-native species. Ericolophium holsti is an alien species, first recorded in 2011 as new to Europe, which has only been recorded in the UK in the Rothamsted Insect Survey's suction-traps. A single winged specimen was trapped in 2011 at Ascot, Berkshire, subsequently in 2012 three were caught at Rothamsted, Harpenden 60 km away 13 . In 2014 four specimens were caught, one each at Warwick, Harpenden, Hertfordshire; Boston, Lincolnshire; and Starcross, (near Exeter), Devon. This species of Asiatic origin, associated with Rhododendron spp., was not found in the field in Britain 50 . During this study, for the first time, the species was collected from the shoots of cultivated Rhododendron spp. in the Rhododendron Dell of Kew. The species was observed on three individuals of the host-plant -mostly winged morphs, however on one www.nature.com/scientificreports www.nature.com/scientificreports/ plant a colony of winged, wingless and nymphs was observed. This is the first record of E. holsti found in the field in the UK on its host. It is worth noting, that the new location in Kew (field study) is the closest to its original place of collection in Ascot, a distance of about 35 km (suction-trap). As a novel alien species detected in Europe, it is difficult to predict the impact of E. holsti on its host-plants. There was a similar situation for Cinara curvipes (Patch, 1912) , which was first recorded in 1999 in Kew 32 and soon spread to other parts of the UK 51 . Its spread into continental Europe was also very quick, as the species was detected in 2001 in Germany and Serbia; in 2007 in Switzerland, Czech Republic, Slovakia and Slovenia; in 2013 in Hungary; in 2014 in Austria; and in 2015 in Poland. C. curvipes is able to infest native European coniferous trees and in some countries, has pest status 52, 53 .
Thus, in Kew 30 species non-native for Europe have been listed so far 28, 29, 31, 32 , including the present study, which is half of all known non-native species detected in the UK. The combination of factors like a large and diverse collections of plants, the majority of which are exotic in Kew, the short distance to airports (Heathrow airport <11 km), seaports (the Port of London ~16 km) and human population density (London), promotes both the settlement and the spread of species of foreign origin, but firstly the introduction 54 . In particular, potential hotspots of invasions such as airports, should be monitored as a priority to prevent new invasions from these species 55, 56 (e.g. at Heathrow, one of the world's busiest airports close to Kew, various plants, including threatened ones, have been confiscated 57 ). As Aphidomorpha are small insects, easily transported by air or with plant material, the number of introductions of aliens will probably increase, this is also linked to the continued expansion of the worldwide air transportation network 58 . Moreover, aphids are able to adapt to climate change faster than many other insect groups studied because of their low developmental threshold temperature and high intrinsic rate of increase 39 . Botanic gardens are not substitutes for study in natural areas but should be viewed as complementary. The plants are well identified thus making the identification of insects, even from exotic plants, easier. In particular, in the case of Aphidomorpha, which are mostly strictly associated with their host plants. The key factor is the prevention of an introduction of a non-native species. If prevention fails, then early detection and rapid response to remove the species becomes very important. It is easier to fight invasiveness if the discovery of the non-native species is made early 59 . With simple tools (short-term faunistic inventory of important insects) we achieved effective results. According to this, botanic gardens shouldn't be the gateway for alien species, but instead the gateway to information on alien and invasive ones. Therefore, the database of such species (even in form of simple list) will help identify the scale and spatial pattern of invasive alien and pest species and can be used as a framework for considering indicators for early warning as well as a model for other studies. sampling procedure. The investigation was conducted over a period of twelve days, from 5th to 16th June 2017. The aphids were collected directly from the host plants with a fine hair brush and placed into Eppendorf tubes containing 70% and 98% ethanol. Location, sampling date and host plant name were recorded on the labels placed onto the tubes.
Material and Methods

Species identification.
Adult wingless (apt. viv.) or winged (al. viv.) females (or aestivating larvae in the case of the genus Periphyllus van der Hoeven) were slide mounted using the method of Kanturski and Wieczorek 60 and identified to species level. The slides were examined using a Nikon Ni-U light microscope. Names and classification follow Nieto Nafría and Favret 61 , with the exception of the taxonomic position of all the former Pterocommatinae, which have been placed in the tribe Macrosiphini. Samples were identified by K. Wieczorek based on morphological diagnostic features using standard literature-based keys 49, [62] [63] [64] [65] [66] [67] [68] [69] [70] [71] . Only small amount of samples were not identified as the immature generations (larvae or nymphs) were collected. These samples were not included into the list of species. The lists of alien Aphididae in Europe 12 were used to identify the alien species. An exclamation mark [!] beside the name denotes those species. Aliens are treated as species with native ranges outside Europe. Pest status was given according to Blackman and Eastop 1 . The aphid material is deposited in the collection of the Department of Zoology, University of Silesia, Katowice, Poland (DZUS) and will be subsequently digitalized. Voucher specimens for collected samples in 98% ethanol are deposited in the Lab-based Collections Royal Botanic Gardens, Kew, London, UK. The sources for the botanical nomenclature was the International Plant Names Index 72 .
